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The Hox family of homeodomain transcription factors
regulate numerous pathways during developmental and
normal cellular processes. All Hox proteins recognise similar
sequences in vitro yet display functional diversity in an in vivo
environment. This review focuses on the transcriptional and
functional specificity elicited by Hox proteins, giving an
overview of homeodomain–DNA interactions and the gain of
binding specificity through cooperative binding with cofac-
tors. Furthermore, currently identified mammalian Hox target
genes are presented, of which the most striking feature is
that very few direct Hox targets have been identified. The

direct targets participate in an array of cellular functions
including organogenesis and cellular differentiation, cell
adhesion and migration and cell cycle and apoptotic path-
ways. A further assessment of identified mammalian
promoter targets and the contribution of bases outside the
canonical recognition motif is given, highlighting roles they
may play in either trans-activation or repression by Hox
proteins.
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Introduction

Homeobox genes code for transcription factors that act
during development and were first identified in the fruit
fly Drosophila melanogaster (Lewis, 1978). A common
feature of these proteins is the presence of a highly
conserved 60-amino-acid motif, the homeodomain, that
is responsible for binding to DNA at specifically
recognised binding sites resulting in transcriptional
regulation of their target genes, as previously reviewed
(Levine and Hoey, 1988; McGinnis and Krumlauf, 1992).
At present, a large number of homeobox genes have been
characterised, now comprising an extensive superfamily
of regulatory genes with members found in all animal
species. There is a large catalogue of divergent homeobox
families, of which the best characterised and most
extensively studied is the Hox family.

In mammalian species, there are 39 Hox genes
organised in four clusters labelled A, B, C and D located
on four different chromosomes and numbered from 1 to
13, although no cluster contains a full set. They are
thought to have arisen through the combination of cis-
amplification and trans-duplication of the Drosophila
bithorax and antennapedia complexes during separate
evolutionary events (Scott, 1992). As a consequence, the
trans-paralogues (genes occupying the same relative
position along the 50–30 coordinate and hence labelled
with the same number) share a higher degree of
sequence homology than the cis-paralogues (genes

occupying adjacent positions along the 50–30 coordinate).
The high degree of homology between trans-paralogues
immediately suggested they could act as functional
complements, which has been confirmed experimentally
for Hoxa3 and Hoxd3 (Greer et al, 2000). However, other
Hox paralogues exhibit distinct biological roles possibly
due to subfunctionalisation (one copy has acquired a
new function) or neofunctionalisation processes (the
original gene function is split between the copies)
(Walsh, 2003).

A significant research effort has been spent trying to
elucidate the exact mechanisms by which the Hox
proteins gain their functional specificity and where in
the regulatory hierarchy they exert their effect. Even
so, there are still large gaps in the puzzle that eventually
will allow us to fully appreciate the intricate control
mechanisms governed by the Hox proteins.

This review will summarise much of what is known
regarding Hox transcriptional specificity, with the main
focus on the mammalian Hox family. As a great deal of
our understanding of both Hox transcriptional and
functional specificity comes from studies on Drosophila
orthologues, however, these studies will form an integral
part of this paper. The homeodomain, including its
functionality, is greatly conserved through evolution and
therefore nonmammalian systems are invaluable to-
wards deciphering the regulatory principles governing
Hox specificity.

Transcriptional versus functional
specificity – the homeodomain paradox

The homeodomain consists of three alpha helices that
form a helix–turn–helix motif and an additional domain
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known as the N-terminal arm, located just adjacent
to the first helix. This homeodomain structure has
been largely conserved across species, from flies to
humans, whereas the remainder of the protein has not.
Functional specificity has been mapped to amino-acid
residues within these conserved regions of the homeo-
domain (Kuziora and McGinnis, 1989; Lin and McGinnis,
1992). As Hox functional specificity has been conserved
over large evolutionary distances (Malicki et al, 1990;
McGinnis et al, 1990), the term Hox specificity has
become somewhat synonymous with homeodomain
specificity.

A core DNA consensus sequence is recognised by the
majority of homeodomain proteins, raising the question
as to how transcriptional and biological specificity can be
obtained. The many homeodomain-containing transcrip-
tion factors elicit distinct and different effects on down-
stream target genes, controlling unique facets within the
transcriptional machinery and thus ultimately cellular
fate, but through what mechanisms? Of course, DNA
sequence recognition alone is not the only determinant
for biological specificity, however, sequence-specific
binding is a critical part of transcriptional regulation
and thus biological specificity.

Binding of the homeodomain to a specific DNA
sequence was described using findings from both genetic
and structural studies. Genetically, a conserved TAAT-
motif was identified as a high-affinity binding site for
numerous homeodomain proteins (Desplan et al, 1988).
X-ray crystallography (Kissinger et al, 1990) and nuclear
magnetic resonance spectroscopy (Otting et al, 1990)
techniques revealed the helix–turn–helix motif of the
homeodomain folds to contact DNA in the major groove,
with an additional contact in the minor groove through
the N-terminal arm. Using the same convention for
amino acid numbering of the homeodomain as originally
described (Qian et al, 1989) basic residues at positions 3
and 5 bind the T1 and A2 nucleotides, whereas a
conserved Asn at position 51 binds the nucleotide A3

and finally a hydrophobic residue at position 47 binds
the T4 nucleotide (Kissinger et al, 1990) (Figure 1).
Mammalian Hox proteins also display protein–DNA
interactions involving N-terminal arm residue 5 (Arg)
and helix 3 residues 51 (Asn) and 47 (Ile) for both Hoxb1
(Piper et al, 1999) and Hoxa9 (LaRonde-LeBlanc and
Wolberger, 2003).

As the preferred DNA-recognition core of many
homeodomain proteins is TAAT and the 50 base pairs of
the motif are important for selecting in vitro binding sites,
the homeodomain appears to possess the ability to
discriminate between bases in the minor groove, despite
the usual expectation that minor grove interactions yield
lower binding specificities due to structural and bio-
chemical properties of the double helix (Seeman et al,
1976). Nevertheless, studies showed that homeodomains
can differentiate between A:T and T:A base pairs at
position 1 of the recognition core (Ades and Sauer, 1995).
Ades and Sauer (1995) also found that the two base pairs
immediately 30 of the core motif (positions 5 and 6)
display a greater specificity than positions 1 and 2 and
implicated amino-acid residue 50 of the homeodomain as
involved in contacting these bases.

Mutational studies confirmed that residue 50 of the
homeodomain can alter binding specificity, with the
preferred engrailed binding motif TAATTA changing to

TAATCC when Gln50 is substituted with a Lys50
(Ades and Sauer, 1994). And surprisingly, although
all Hox proteins encode a Gln at position 50, they still
show some intrinsic ability to discriminate between
selected base pairs 30 of the TAATcore (Ekker et al, 1992).
In a study of five Hox proteins (Hoxa5, Hoxa7,
Hoxb1, Hoxb4 and Hoxc8), the 30-flanking base pair
(position 5) had consequences for DNA binding
affinity. The sequence TAATTG was defined as the
optimal motif and a substitution at base pair position 5
from T to G was only tolerated by Hoxb4, but not
by the other four Hox proteins. The substitution at this
position from T to either A or C reduced the binding
activity of all five Hox proteins and further alterations
in the base pair composition from position 6 onwards
had varying effects on Hox binding specificity
(Pellerin et al, 1994).
The fact that base pairs immediately 30 of the core

TAAT motif are involved in DNA binding specificity of
Hox proteins is puzzling. For divergent homeodomain
protein families, this may be explained by a varying
amino-acid composition of helix 3, in particular residue
50. The Hox proteins, however, are highly conserved in
helix 3, in particular those residues implicated in direct
protein–DNA binding. All 39 Hox proteins contain the
same six amino acids WFQNRR at positions 48–53,
encompassing the conserved Gln50 residue. If residue 50
is responsible for dictating specificity for base pair 5,
why then does Hoxb4 tolerate a G at this position,
whereas Hoxa5, Hoxa7, Hoxb1 and Hoxc8 do not? The

Figure 1 The homeodomain contacts the DNA recognition se-
quence through amino-acid residues in the N-terminal arm and
third helix. A 3D view of the homeodomain is shown arranged over
the consensus recognition sequence. The N-terminal arm is labelled
‘N’ and the three alpha helices are also indicated with their
respective numbers. The contacts between the homeodomain
amino-acid residues 3, 5, 47 and 51 and the TAAT binding motif
are delineated by triangles. Amino acids 3 and 5 of the home-
odomain N-terminal arm make contacts in the minor groove
whereas amino acids 47 and 51 (in helix 3) make contact in the
major groove (Qian et al, 1989; Piper et al, 1999; LaRonde-LeBlanc
and Wolberger, 2003). Nucleotides 5 and 6 are also thought to make
specific contact with the homeodomain through other helix 3
residues (Ades and Sauer, 1995).
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existence of Hox cofactors reveals a further dimension of
DNA binding affinity and specificity.

Hox cofactors and transcriptional specificity

Pbx1, a non-Hox homeodomain protein orthologue of the
Drosophila extradenticle (exd) encoded protein, was the
first characterised Hox cofactor. The cofactor interactions
are highly dependent on a hexapeptide sequence
containing four core residues YPWM (located just
N-terminal of the Hox homeodomain), which are
conserved among Hox paralogue groups 1–8 (Chang
et al, 1995; Phelan et al, 1995). Hox paralogue groups
9–10, which lack the consensus YPWM motif also
cooperatively bind to DNA with Pbx1, with binding
dependent on a conserved Trp residue (Chang et al, 1995;
Shen et al, 1997b). Another member of the TALE family of
homeodomain proteins is Meis1, an orthologue of
Drosophila Homothorax (Hth), which acts as a DNA
binding partner for the remaining paralogue groups
11–13 (Shen et al, 1997a). Thus, all 39 Hox proteins can
cooperatively bind to DNA through heterodimerisation
with other non-Hox homeodomain proteins, with both
preferred DNA recognition sequence and binding
partner being determined by their position on the 50–30

chromosomal coordinate.
Evidently, the Hox proteins show a relatively relaxed

DNA binding selectivity in vitro, ultimately suggesting a
more stringent selectivity in vivo through cooperative
DNA binding with other proteins. And even though
these mechanisms are not fully understood, a reasonable
explanation is that cofactors may reveal latent specifi-
cities intrinsic to the individual Hox homeodomains
(Mann and Morata, 2000). This would also partially
explain the increase in binding affinity by Hox proteins
bound to DNA in conjunction with a cofactor, compared
to binding affinities of Hox monomers.

It is also noteworthy that many of the identified Hox
DNA recognition sites within gene promoters are paired
with Pbx/Meis binding sites, strongly suggesting the
importance of the TALE-class proteins as Hox cofactors
in vivo. Therefore, one would expect abrogated Pbx/Meis
function to mimic those effects observed for mutated
Hox proteins, and even mutations in the Hox hexapep-
tide to resemble phenotypic effects observed for Hox
loss-of-function mutations. Indeed, the latter was ob-
served with hexapeptide-targeted mutations of Hoxb8
(Medina-Martinez and Ramirez-Solis, 2003). In this in
vivo mouse model, Hoxb8 was prevented from interact-
ing with its Pbx cofactor, resulting in a dominant
phenotype characterised by an anterior homeotic trans-
formation of the first two thoracic vertebrae without
affecting the expression pattern of other closely related
Hoxb genes. Hence, these studies put forward the view
that Hoxb8 in the absence of its DNA binding partner
could occupy binding elements of closely related
proteins such as Hoxb6 and Hoxb7, resulting in
abnormal trans-regulation of Hox target genes.

The above-mentioned study also highlights the
importance of in vivo models to fully appreciate the
functional specificity elicited by Hox transcription
factors. Clearly, they can bind DNA elements both as
monomers and cooperatively with other factors such as
TALE-class proteins. Similarly, tissue-specific coexpres-
sion of Hox cofactors likely guides the Hox proteins to

their appropriate gene targets, partly explaining the
dilemma regarding their uniform in vitro recognition
elements.

Hox proteins function as both transcriptional
repressors and activators

Another dimension of Hox transcriptional specificity is
their ability to act as both transcriptional repressors and
activators and although the mechanisms behind this
regulatory switch are largely unclear, some postulates
have been put forward. (Pinsonneault et al, 1997)
hypothesised a model in which heterodimerisation of
the Drosophila Exd protein with Hox proteins abolishes
the intrinsic repressor function of Hox proteins, which is
exerted onto the target gene when bound as monomers,
offering a simple, yet elegant model for Hox functional
specificity. There are other observations contradicting
this model however. More recently Exd, as well as the
Drosophila protein Hth was shown to repress the distalless
(dll) gene through direct interactions with the Ultra-
bithorax (Ubx) gene product (Gebelein et al, 2002). Hence,
heterodimers may also act as suppressor complexes in
this context.

While mammalian Hox transcription factors also
exhibit lower DNA binding affinity when bound as
monomers and thus potentially lower specificity (Shen
et al, 1996, 1997a, b) they also contradict a model where
they always act as repressors when bound weakly in
monomeric form and as activators when bound with
cofactors in stronger affinity complexes (Shen et al, 2004).
The discovery that Hox proteins bind to the CREB
binding protein (CBP) and can modulate histone
acetyltransferase activity indicates that Hox proteins
can also regulate gene expression without binding DNA
directly (Shen et al, 2001) and further complicates the
search for downstream targets.

Mammalian Hox downstream target genes

While the Hox genes were first identified as regulators of
anterior–posterior pattern formation during develop-
ment, it is now clear that Hox genes are also active in
normal adult cells and attention is focussed on elucidat-
ing a role for Hox proteins in fully differentiated
metazoan cells. It is proposed that they will act as key
master genes in controlling cellular identity and as such
were proposed to regulate genes that are necessary for
cell division, cell adhesion and migration, morphological
differentiation and apoptosis, in addition to their roles
during embryogenesis (Ulijaszek et al, 1998).

An array of diverse gene targets has been identified in
recent years with roles in cellular identity and function.
The experimental procedures used to firstly identify and
then to characterise each target has varied greatly,
making it difficult to unequivocally state if some are
direct targets and even if so, the Hox binding site
responsible for the transcriptional regulation may not
have been confirmed experimentally. However, utilising
the available information a summary of the current likely
direct targets is provided in Table 1 and Figure 2.

The first identified mammalian target gene for the Hox
transcription factors other than Hox genes themselves
was the mouse neural cell adhesion molecule (N-CAM)
(Jones et al, 1992), which mediates adhesion in the
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nervous system and plays a role in neural induction
during development. Subsequently, other targets in-
volved in neurogenesis have been identified. The gene

encoding SP13, a serine protease inhibitor detected in
the mouse nervous system was found regulated by
Hoxb5 (Safaei, 1997), although Hox binding sites in the

Figure 2 Hox downstream targets are involved in numerous cellular processes including organogenesis, cellular differentiation, cell adhesion
and migration, cell cycle and apoptosis. Several downstream targets play multiple roles in several pathways, with many acting as
transcription factors and regulating their own subset of genes. Hox proteins also participate in autoregulatory circuits in addition to
regulating expression of some binding cofactors and other factors that influence Hox expression. Targets not shown on this figure include the
differentiation markers alpha-2(V) collagen, the murine hair keratin family and the TTF-1. A dotted line indicates direct regulation has not yet
been confirmed.

Table 1 Current list of mammalian Hox gene targets

Hox protein +/� Target Species Reference

Hoxa2 � Six2 Mouse Kutejova et al (2005)
Hoxa5 + p53 Mouse Raman et al (2000a)
HOXA5 Human
HOXA5 + Progesterone receptor Human Raman et al (2000b)
HOXA5 + Pleiotrophin Human Chen et al (2005)
HOXA5 + IGFBP-1 Human Foucher et al (2002); Gao et al (2002)
HOXA10
HOXB4
Hoxa9 � Osteopontin Mouse Shi et al (1999, 2001)
Hoxc8
HOXA9 + EphB4 Human Bruhl et al (2004)
HOXA10 + p21 Human Bromleigh and Freedman (2000)
HOXA10 + b3-Integrin Human Daftary et al (2002)
HOXA10 � EMX2 Human Troy et al (2003)
Hoxa10 + IGFBP-1 Baboon Kim et al (2003)
Hoxa13, Hoxd13 + EphA7 Mouse Salsi and Zappavigna (2006)
HOXB1 + COL5A2 Human Penkov et al (2000)
Hoxb3 + TTF-1 Rat Guazzi et al (1994)
Hoxb5 + SPI3 Mouse Safaei (1997)
Hoxb5 + Flk1 Mouse Wu et al (2003)
HOXB7 + BFGF Human Carè et al (1996)
Hoxb8 � N-CAM Mouse Jones et al (1992)
Hoxb9 + N-CAM Mouse Jones et al (1992)
Hoxc8 ? mgl-1 Mouse Tomotsune et al (1993)
Hoxc13 � Keratins Mouse Tkatchenko et al (2001)
Hoxd10, b6, b7, b9, c8 + Renin Mouse Pan et al (2004)

The list contains likely Hox gene targets and the Hox protein responsible for the trans-regulatory effect. The (+/�) symbols represent either a
positive or negative regulatory effect on the target gene and (?) symbol indicates an unknown effect. Also, note that although there is some
experimental evidence to suggest all are likely direct gene targets, not all have been exclusively verified of being so through in vivo
experiments. The corresponding reference(s) for each gene target is also shown.
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promoter are yet to be defined. Recently, a homeodomain
protein called Six2, which plays a role in the process by
which neural crest cells form the facial skeleton was
shown to be a downstream target of Hoxa2. Hoxa2
functions during development of the second branchial
arch by limiting its formation to a specific region
(Grammatopoulos et al, 2000) and as part of this process
Hoxa2 negatively regulates Six2 expression (Kutejova
et al, 2005). The pleiotrophin (PTN) gene promoter has just
recently been characterised as a direct target for HOXA5
and its protein product displays neurite outgrowth-
promoting activity (Chen et al, 2005).

Hox targets associated with mammalian reproduc-
tion have also been identified. HOXA10 and HOXA11
are expressed in both embryonic and adult reproductive
tracts with HOXA10 being essential for uterine
development (Block et al, 2000). EMX2 is a divergent
homeodomain protein responsible for urogenital tract
development and is encoded by a gene negatively
regulated by Hoxa10 in endometrial cells (Troy et al,
2003). EMX2 is an orthologue of Drosophila empty
spiracles (ems), which is positively regulated by AbdB,
the orthologue of HOXA10 (Jones and McGinnis, 1993),
although the identified binding sites show no similarity.
Both EMX2 and ems also participate in cerebral cortex
development (Muzio and Mallamaci, 2003).

HOXA10 and HOXA11 are required for successful
embryo implantation and their expression is regulated
by sex steroids (Taylor et al, 1998). Insulin-like growth
factor binding protein-1 (IGFBP-1) is highly expressed
during decidualisation and this expression is progester-
one-dependent, as is Hoxa10 (Bell et al, 1991). HOXA10
activates the IGFBP-1 promoter in various types of
endometrial cells (Gao et al, 2002) in cooperation with
FKHR, a member of the FOXO subfamily of forkhead
(fkh) transcription factors (Kim et al, 2003). The IGFBP-1
promoter is also activated by the combined action of the
progesterone receptor (PR) and FOXO1A, another fkh
transcription factor (Kim et al, 2005). The HOXA5 protein
interacts with FKHR to stimulate the IGFBP-1 promoter
(Foucher et al, 2002), and interestingly HOXA5 can
activate the PR promoter (Raman et al, 2000b), thus
revealing some of the intricate pathways and interactions
by which Hox proteins regulate embryo implantation.

The above results suggest that multiple HOX proteins
may interact with FKHR, thus expanding the list of
potential Hox cofactors. The Drosophila forkhead (fkh) gene
is upregulated in vivo by scr, a member of the homeotic
complex, while Hoxb4 stimulates a direct trans-activation
of the TALE class homeodomain gene IRX5 in Xenopus
laevis (Theokli et al, 2003). Thus, Hox proteins not only
regulate expression of other Hox genes, but also the
genes encoding Hox cofactors.

Endothelial cell differentiation is required as a first
step of vascular development, including angiogenesis.
The earliest marker for endothelial cells is the vascular
endothelial growth factor receptor flk1. The gene encod-
ing flk1 is trans-activated by Hoxb5 binding to a site that
is located within the first exon, rather than in the
promoter region (Wu et al, 2003). Expression of its
ligand, VEGF, is upregulated by Hoxb7 (Carè et al, 1996)
but is not yet confirmed as a direct target. Additional
targets for Hox proteins during angiogenesis have also
been identified. The Eph receptor family is the largest
known subfamily of receptor tyrosine kinases and a

positive regulation of the EphB4 receptor gene promoter
by Hoxa9 was shown to modulate endothelial cell
migration and tube formation (Bruhl et al, 2004). In
addition, the b3-integrin subunit gene expression is
directly regulated by HOXA10 in endometrial cells
(Daftary et al, 2002) and provides yet another Hox target
involved in both angiogenesis and embryo implantation.

Another member of the Eph family of receptor tyrosine
kinases, EphA7, is known to have a role in limb
development and the promoter of the mouse gene has
now been shown to be directly activated by both Hoxa13
and Hoxd13 (Salsi and Zappavigna, 2006). Interestingly,
a mutant version of the HOXD13 protein found in
patients with a polydactyl syndrome was unable to
activate the EphA7 gene promoter, thus providing a
strong connection between the Hox Group 13 family
members and limb development by regulating expres-
sion of Eph proteins.

Renin is a component of the renin–angiotensin
system that regulates blood pressure. Expression of
renin is developmentally regulated and is detected
in newly formed renal arterial branches (Jones
et al, 1990). The murine renin gene promoter (Pan et al,
2004) is activated by Hox/Pbx heterodimers through
a single Hox binding site in the gene promoter,
providing another link between Hox proteins and blood
vessel formation.

Osteopontin (OPN) is a secreted protein that regulates
adhesion and migration of cells in a number of biological
processes including angiogenesis, inflammation, apopto-
sis and bone remodelling. Hoxc8 (Shi et al, 1999) and
Hoxa9 (Shi et al, 2001) both act as transcriptional
repressors by binding to a single Hox binding motif in
the Opn promoter. These studies identified another
cofactor for Hox proteins as Smad1 formed heterodimers
with Hoxc8 and Smad4 formed heterodimers with
Hoxa9. The Smad family of proteins mediate signal
transduction pathways stimulated by bone morpho-
genetic proteins (BMP). Smad–Hox heterodimers
dislodge Hox monomers from the binding site, which
results in BMP driven initiation of transcription from
the mouse Opn promoter (Shi et al, 1999, 2001). Analysis
of the Opn promoter sequence reveals both Hoxc8 and
Hoxa9 utilise the same consensus TAAT motif to mediate
the repression.

Downstream HOX targets with roles in the cell cycle
are predicted although few examples have been identi-
fied. HOXA5 is a potent transcriptional activator of the
tumour-suppressor gene p53. A large increase in p53-
promoter-dependent reporter activity was observed in
breast cancer cell lines upon cotransfection with HOXA5,
an effect not seen with other selected HOX members,
HOXB4, HOXB5 and HOXB7 (Raman et al, 2000a). The
same trans-regulatory effects were observed for the
murine p53 homologue, with a single Hox binding
element 200 bp upstream from the putative transcription
start site identified as responsible for trans-activation.

Another target gene encoding a product with cell cycle
function is the cyclin-dependent kinase inhibitor p21,
and both negative and positive regulatory effects were
observed (Bromleigh and Freedman, 2000). HOXA10, but
not HOXA9 or HOXB7, was shown to strongly activate
the p21 promoter in both monocytic and fibroblast cell
lines. Mutation studies identified a specific binding site
responsible for this activation and revealed an adjacent
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consensus Hox binding element responsible for a
negative regulatory role.

Hox proteins are known to regulate the expression of
other Hox genes and, as discussed above, some genes
encoding cofactors. A further level of autoregulatory
control is provided with the identification of basic
fibroblast growth factor (bFGF) as a direct target for
HOXB7 (Carè et al, 1996). Gradients of several molecules
including FGF and retinoic acid are responsible for
controlling Hox gene expression and segment formation
in the embryo as reviewed recently (Diez del Corral and
Storey, 2004), and it appears Hox proteins may in turn
regulate expression of these gradients.

Finally, expression of Pax3, a paired-homeodomain
class gene, is upregulated in the murine neural tube by
the combined action of POU-domain transcription
factors and Hox proteins (Pruitt et al, 2004). Brn2
mediates Pax3 expression through a synergistic input
from a subset of Hox proteins, potentially via different
binding elements in the Pax3 promoter. The trans-
activation of the Pax3 promoter highlights the complexity
of mechanisms by which Hox proteins are involved in
directing biological specificity. For this target gene the
Hox family cooperate with members from both the TALE
and POU family of divergent homeodomain-containing
transcription factors to regulate expression of a fourth
homeodomain family, the paired-homeodomain class.

Hox binding sites identified in target gene
promoters

In order to better understand Hox transcriptional
specificity, we examined the identified Hox binding
motifs of the mammalian targets in an effort to
characterise base pair selections outside of the canonical

TAAT motif. Depicted in Figure 3 are the characterised
Hox binding motifs in the promoter regions of target
genes as well as flanking sequences. Binding motifs
located in the promoter regions of the bFGF, PR, IGFBP-1,
N-CAM, thyroid transcription factor-1 (TTF-1), EPHB4,
b3 Integrin subunit, PTN, renin and p21 genes result in
transcriptional activation. A T(T/A)AT motif was ex-
perimentally shown to be responsible for repression by
Hox proteins within the promoter regions of p21, OPN
and EMX2. It is therefore possible that base pairs
flanking the canonical four-base Hox binding motif play
a role in Hox binding specificity.
The T(T/A)AT core element and the flanking base

pairs all contain a T or C residue at position 5, except the
PTN and p21 HOXA10-activated motif, which has an A
base at this position. In vitro binding site studies also
demonstrated a preference for a T at position 5 (Catron
et al, 1993). The limited number of defined Hox binding
sites as shown in Figure 3 makes it as yet impossible to
determine if further base selectivity outside the canonical
4 base motif can be ascribed to binding by a particular
Hox protein or Hox–cofactor complex.
A paradox of Hox transcriptional specificity is the

ability to both suppress and activate gene expression
through similar DNA motifs. Of the three T(T/A)AT
suppressor motifs, all contain a G at position 5, whereas
none of the activator-motifs do. In addition the Six2 gene
promoter contains two binding sites for Hoxa2, TAATTT
and TAATGG (Kutejova et al, 2005). It is not yet known
through which site Hoxa2 acts to repress Six2 expression
but it is of interest that one of the binding sites contains a
G at position 5. Although it should be stressed the
present sample size is small and therefore no definitive
conclusion can be drawn it will be interesting to observe
if this trend is upheld when the sample size is expanded
by characterising more binding sites where Hox proteins
act as repressors.

Conclusions

This review has focussed on the transcriptional and
functional specificity elicited by the Hox proteins, out-
lining homeodomain–DNA interactions and the gain of
binding specificity through cooperative binding with
cofactors. Furthermore, the aim was to summarise the list
of known Hox downstream target-genes in mammalian
systems. Unfortunately, this list is still very short and
contains genes not conclusively shown to be direct
targets, albeit strongly suggestive. To fully appreciate
the role of Hox proteins both in development and adult
tissues, future research inevitably needs to characterise
more direct gene targets. This raises the question of why
so few targets have yet been identified, and highlights
the complexity in which Hox proteins operate in the
cellular machinery, potentially rendering the Hox targets
to be very elusive.
Obvious problems are that more than one Hox protein

can potentially bind to the same element and it is
difficult to distinguish between direct and indirect
targets. Many Hox targets are also transcription factors,
which in turn regulate their own subset of regulatory
factors. Yet another dimension of complexity is intro-
duced with the extensive auto- and crossregulation
reported for the Hox complex, which was not discussed
herein. Similarly, the view that Hox proteins may

Figure 3 The identified Hox DNA binding elements of the
promoter regions of Hox target genes with flanking sequences.
The TTF-1 gene promoter contains two binding elements and both
are shown. The boxed elements indicated with an upwards arrow
result in transcriptional activation when bound by the Hox protein,
while a downwards arrow indicates repression. The boxed elements
further 30 in the p21 gene promoter and in OPN and EMX2 have
been shown to bind Hox protein complexes with subsequent
transcriptional repression. The shaded nucleotides represent the
immediate flanking base pair of the canonical Hox element (position
5). Elements where a repressing Hox activity was observed all
contain a G at ‘position 5’ as labelled with an asterisk.
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regulate gene expression by pathways not involving
direct DNA binding further complicates the search for
gene targets (Shen et al, 2001; Williams et al, 2005).
Microarray technology has been utilised to identify large
numbers of possible gene targets regulated by specific
Hox proteins (Lei et al, 2005; Williams et al, 2005), but
further experimentation is still required for verification
as direct targets. The use of chromatin immunoprecipita-
tion (ChIP) assays to search for downstream targets
would also greatly increase the likelihood that direct
targets are identified. Many of the target genes described
here have only been shown to trans-regulate the
respective gene promoters in in vitro models, still raising
questions regarding their in vivo functionality.

The TALE-class homeodomain proteins Pbx and Meis
are well-known Hox cofactors, but other proteins can
also fulfil such a role in vivo. In particular, it would be
interesting to further elucidate the cooperative interac-
tions between Hox and Smad proteins, which themselves
are essential for proper transforming growth factor-b
(TGF-b) signalling. From what is known thus far, Hox
proteins interact with numerous regulatory pathways,
including FGF, BMP, retinoic acid and sex steroid
signalling through cofactor-dependent and -independent
regulation. The emergence of FOXO fkh transcription
factors as potential cofactors that provide a synergistic
input with Hox proteins could explain tissue-specific
functionality where simply Hox expression patterns fail
to do so.

As another dilemma regarding Hox transcriptional
specificity is concerned with the observation that many
Hox members act as both transcriptional activators and
suppressors depending on cellular context, this review
proposes a mechanism in which the flanking nucleotides
30 of the canonical Hox binding elements could act as an
activator-suppressor switch. Taking into account the high
sequence homology of relevant peptide sequences within
the Hox homeodomains, it is further proposed that the
switch is highly dependent on cofactor interactions,
which again could account for tissue-specific trans-
regulatory potential of the Hox complex.

It is clear that in order to further elucidate many of the
unresolved issues regarding Hox in vivo transcriptional
specificity, more direct target genes must be defined.
Preferably, new target genes would be identified from
animals such as the mouse, which ultimately would
allow for more comprehensive studies utilising condi-
tional knockout and targeted knock-in approaches.
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